Abstract. Global temperature datasets indicate a warming trend in the south-eastern Indian Ocean of ∼0.02 • C year −1 . This is supported by in situ temperature measurements at a coastal monitoring station on the Western Australian continental shelf that have shown a mean temperature rise of 0.013 • C year −1 since 1951, corresponding to ∼0.6 • C over the past 5 decades. Measurements from three other shallow stations between 1985 and 2004 indicated warming trends of 0.026-0.034 • C year −1 . It is suggested that enhanced air-sea heat flux into the south-eastern Indian Ocean may be a key factor in the rising temperature trend. There has also been a steady rise in salinity over the past half-century. At interannual scales, coherent temperature variability at the various stations indicates that larger-scale processes are influencing the shelf waters and are linked with El Niño/Southern Oscillation (ENSO)-related events in coastal sea level and hence the Leeuwin Current.
Introduction
Global surface (Rayner et al. 2003) and subsurface temperature datasets (Levitus et al. 2000) indicate a gradual warming of the world ocean over the past 50 years. Anthropogenically forced ocean-atmosphere model simulations conclude that human influences are largely responsible for the warming signal, which has complex time and space dependence (Barnett et al. 2005) . Apart from its significance for future climate, ocean temperature also plays an important role in the growth and survival of many marine species, including commercial fisheries, and rising temperatures may crucially affect the abundance and distribution of those species that may be near their thermal tolerance limit (Wood and McDonald 1997) .
The global temperature data show an increased warming rate, particularly in the south-eastern sector of the Indian Ocean ( Fig. 1) , where the eastern boundary current (the anomalous poleward Leeuwin Current: Cresswell and Golding 1980; Godfrey and Ridgway 1985) transports warm, relatively lowsalinity water down the Western Australian coast and then eastwards into the Great Australian Bight, bringing with it a variety of tropical marine fauna (Maxwell and Cresswell 1981; Hutchins and Pearce 1994) . Because of the downwelling conditions and associated low-nutrient waters resulting from the southward flow, the local fisheries are dominated by the benthic rock lobster fishery rather than the upwelling-driven pelagic fin fisheries more typical of eastern boundary regions (Lenanton et al. 1991) . The Leeuwin Current is relatively shallow (order 300 m) and flows most strongly during the autumn and winter months (Feng et al. 2003) when speeds of 1-1.5 m s −1 can occur (Cresswell 1980) . The global temperature datasets have been derived by an optimal interpolation technique using (largely) sporadic and irregular ship-borne surface measurements with smoothing in both space and time and, more recently, including global satellite seasurface temperatures (SSTs). Using these larger-scale datasets, Feng et al. (2005) showed that mean temperatures in the Ningaloo Reef area (22 • S, some 1100 km north of Perth) appear to have risen by ∼0.6 • C over the past few decades. Durack (2002) analysed oceanographic changes in the Leeuwin Current region using the CSIRO Mark 3 Atmosphere-Ocean General Circulation Model outputs, suggesting a temperature rise of some 1.5 • C over the coming century.
For many practical applications such as coastal zone management and commercial fisheries, however, conditions in the relatively shallow continental shelf waters within kilometres of the coastline are important, and it is uncertain how the large-scale trends are reflected in the coastal/shelf region.Any rising temperature trend in the continental shelf and nearshore waters (which could have a major influence on Western Australian coastal fisheries) should be examined using available long-term coastal stations to check/verify the large-scale (smoothed) trends.
The current paper presents some long-term in situ temperature and salinity measurements at coastal monitoring sites on the south-western continental shelf of Australia to demonstrate that the larger-scale trends are indeed reproduced in the nearshore waters.
Data sources and processing

Global datasets
The global temperature dataset used here as the baseline is the optimally interpolated product of the Met Office Hadley Centre (HadISST1: Rayner et al. 2003) , which has a grid size of 1 degree and a time-scale of a month. We have used an average of the two blocks 31-33 • S, 115 • E to the coast to give an estimate of conditions at 32 • S off Perth. 0-50 m average temperatures and (Rayner et al. 2003) . Note the enhanced rate of warming off Western Australia. The coastal stations are within the box off the coast as shown in Fig. 2. salinities from the World Ocean Database, which also have a grid size of 1 degree, have also been used in the form of 1-year and 5-year moving averages respectively (Levitus et al. 2000; Boyer et al. 2005 ; hereafter referred to as WOD).
Monthly values of the Southern Oscillation Index (SOI) were obtained from the website http://www.bom.gov.au/climate/ current/soihtm1.shtml (verified September 2007) and converted to annual means. Monthly sea levels at Fremantle, which are closely related to the SOI (Pearce and Phillips 1988) and to the strength of the Leeuwin Current (Feng et al. 2003) , were obtained from the National Tidal Centre and again converted to annual means.
Local coastal monitoring
The CSIRO commenced a series of coastal monitoring stations around Australia in the early 1950s, including six along the Western Australian continental shelf, but most operated for only a few years. The station off Rottnest Island (Fig. 2) is the only surviving site off the west coast, operating from 1951 to 1956 and then 1970 to the present; data to 2002 have been used here because the more recent data have been somewhat sporadic. The water depth at this station is ∼55 m, and sampling is generally undertaken approximately fortnightly to monthly.Temperature, salinity and selected nutrients are measured at 10-m depths between the water surface and near the seabed using classical oceanographic methods (reversing thermometers and Nansen/Niskin bottles, with the salinities being analysed on an Autolab (EnviroTech LLC, Chesapeake, VA) salinometer) and more recently using a Seabird conductivity-temperaturedepth (CTD) sensor (www.seabird.com). The nominal accuracy of the reversing thermometer temperatures is ∼0.01 • C and that of the salinities ±0.003 psu. The number of yearly samples varied between 5 and over 30, depending on personnel and boat availability.
There is generally little vertical stratification at the site: 70% of the vertical temperature differences between the surface and bottom are less than 1 • C and 89% are less than 2 • C (CSIRO unpubl. data; see also Pearce et al. 2006 ) and monthly mean differences are 0.5-1.0 • C (Feng et al. 2003) . Accordingly, depth-averaged (0-50 m) temperatures and salinities have been calculated for each sampling day.
Near-surface temperature and salinity sampling has also been undertaken by the Western Australian Fisheries Department at several rock lobster puerulus sampling sites in shallow coastal waters with depths of ∼5 m (N. Caputi, pers. comm.) . Spot temperature measurements are taken when the puerulus collectors are cleared on a lunar monthly basis; three of the longest-running sites are near Rat Island (28 • 43 S and ∼75 km offshore in the Houtman Abrolhos Island group), Dongara (29 • 15 S) and at Jurien (30 • 18 S) (Fig. 2) . The presently available data for these sites basically cover the period 1985-2004. An anomalously high annual mean temperature at Jurien in 1988 has been omitted because there were no winter readings between May and September of that year, thus falsely elevating the annual mean. Because of the irregular nature of the sampling at both the CSIRO and the Fisheries stations, with several months having no samples, a monthly time series has been derived by taking the moving average of all samples in successive 3-month periods. The mean annual cycle at each site was generated by averaging all the data by calendar month over the period 1985-2002 (a period common to all the datasets), and monthly anomalies were then derived by subtracting this annual cycle from the monthly time series to form an anomaly series. Finally, annual mean temperatures were generated by averaging the monthly anomalies in each year and adding in the overall 1985-to-2002 mean temperature. The same procedure was followed for the Rottnest station salinity series. Any year with less than 8 months of data was excluded from the analysis. Least square fit was used to derive the linear trends using the standard EXCEL (www.microsoft.com, 
Results and discussion
Temperature There has been a consistent upward trend in the annual mean temperatures over the past 5 decades in the two global datasets (Fig. 3a) , with ENSO-related variability superimposed (see Pearce and Phillips 1988) . The coastal time series off Rottnest Island matches both the linear trend and the interannual variability well. There has been a warming of 0.013-0.020 • C year −1 , with the linear trend for the HadISST1 temperatures (at sea surface) being somewhat higher than those for the WOD and Rottnest Island datasets (0-50 m average). This corresponds to a temperature rise of 0.6-1.0 • C over the past half-century. All trends are significant at the 90% level.
The shorter (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) time series from the Rottnest station and the puerulus collection sites show similar trends (Fig. 3b) although the slope of the trend lines is appreciably higher than for the longer 5-decade series, implying an acceleration in the warming rate. Temperatures at the Rottnest Island and Jurien sites rose by ∼0.034 • C year −1 and those at Rat Island and Dongara by 0.026-0.029 • C year −1 . The correlation between the temperature at the Rottnest station and the other three shelf sites over the 20-year period is 0.704 (Dongara), 0.794 (Jurien) and 0.855 (the offshore Rat Island site) -all highly significant at the 99% level. The trend slopes are summarised in Table 1 , and are generally less significant than those for the longer series.
Salinity
In the upper 150 m, the Indian Ocean is becoming more saline at all latitudes (Boyer et al. 2005) , and both the World Ocean Dataset and the Rottnest station data confirm that there has been a reasonably consistent rise in salinity on the Western Australian continental shelf and adjacent offshore waters (Fig. 4) . It is unfortunate that the WOD salinities did not extend beyond 1996 because there was a dramatic and sudden fall in salinity of over 0.5 psu off Rottnest Island between 1998 and 1999. A similar fall in salinity, which recovers after 2002, is also evident in the Hadley Centre Ensembles dataset (not shown: Ingleby and Huddleston 2007). This may have been associated with the reduced salinities observed to the north-west of Australia at the time by Phillips et al. (2005) , the signal presumably being advected southwards by the Leeuwin Current. The smaller salinity drop in the mid-1970s was reflected in both datasets but was smoothed by the 5-year moving average in the WOD data. The linear trend for the period up to 2002 (which includes the salinity decrease at the Rottnest station) was 0.0030 psu year −1 , which is close to the rate of 0.0040 psu year −1 for the WOD.
Interannual (ENSO) variability
Although not the main topic of this paper, the strong interannual pattern in water temperatures at all sites (Fig. 3) is noteworthy because it reveals a coherence in the processes operating along and across the continental shelf and therefore adds credence to the reliability of the observed longer-term trend. As originally demonstrated by Pearce and Phillips (1988) using data for an 18-year period, there is a strong relationship between shelf water temperatures, the strength of the Leeuwin Current (as quantified by the annual mean sea level at Fremantle: Feng et al. 2003) and ENSO events (represented by the SOI) (Fig. 5) . Over the 35-year period 1970-2004 , the correlation between Fremantle sea level and the SOI is 0.793 and that between the Rottnest depth-averaged temperature and sea level is 0.756 -these are highly significant at the 99% level.
The implication is that the Leeuwin Current flows more strongly during La Niña periods, transporting warmer water southwards along (and onto) the shelf -these are also the periods when recruitment to the rock lobster fishery is highest (Pearce and Phillips 1988; Caputi et al. 1996; Griffin et al. 2001 ). In 1950 1955 1960 1965 1970 1975 1980 1985 Year 1990 El Niño years, on the other hand, the Leeuwin Current is weaker (relatively lower coastal sea levels), the water cooler and lobster recruitment lower. Because of cross-shelf advective/mixing processes (Pearce et al. 2006) , we would expect these interannual changes at the shelf break to be reflected in the nearshore waters. At interannual time scales, then, there is a clear link between water properties on the continental shelf (water temperature) and the flow of the Leeuwin Current. We do not believe this to necessarily be true of the longer-term trend of rising temperatures. We note that there is a trend of 1.54 mm rise per year in the Fremantle sea level (Feng et al. 2004) but the relationship between the rising trend in sea level (with implications for the Leeuwin Current) and temperature structures on the continental shelf still needs further research.
Conclusions and implications
Evidence from both global temperature datasets and in situ coastal measurements at sites along the south-western Australian continental shelf indicate that the sea temperature has risen here by ∼0.6-1 • C over the past 50 years. This has implications for local climate studies (such as the possibility of tropical cyclones penetrating further south) as well as for marine life and commercial fisheries. The observations are supported by unusual sightings of normally tropical marine species (including mud crabs: Gopurenko et al. 2003 ; and manta rays) as far south/east as Albany on the Australian south coast and anecdotal evidence of southwards range extensions of tropical seabirds down the west coast (Dunlop 2005) .
The reason(s) for the warming trend are presently uncertain. The northern source region of the Leeuwin Current is not experiencing enhanced warming (Fig. 1) , although warmer water could be advected into the Leeuwin Current from the west (the geostrophic inflow: Godfrey and Ridgway 1985; Domingues et al. 2007 ). Because of the regional nature of the warming (Fig. 1) and the fact that sea surface temperatures from HadISST1 show greater warming trend, a more likely Fremantle sea level (cm) 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 mechanism is air-sea heat flux into the south-eastern Indian Ocean. Note that there is a cooling trend in the thermocline in the tropical Indian Ocean (Alory et al. 2007) , and to what extent this would affect the strength of the Leeuwin Current and the mixed layer heat budget off south-west Australian coast is unclear at this stage. This is in contrast to the east coast of Australia, where Thresher et al. (2004) attributed increasing seasurface temperatures to a strengthening of the southward East Australian Current.
Although sea levels at Fremantle have been steadily rising over past decades (Feng et al. 2004) , we believe this is a result of the warming/expansion throughout this region rather than an increased cross-shelf sea level slope associated with stronger southward flow. Salinity has also risen steadily, save for brief periods in the mid-1970s and 1999-2002 when substantial falls in salinity were observed. However, a salinity rise of this magnitude may have little direct influence on the local marine life.
The reasonably good agreement between the rising trends of the various coastal measurements and the global datasets (as well as the similarity in the interannual variability) lends confidence to the application of the global data elsewhere where local temperature and salinity measurements may not be available.
Finally, these results illustrate the value of establishing and maintaining long-term monitoring stations with consistent sampling techniques and high standards of data quality control.
